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FOREWORD 
The  research  described  in  this  report  was conducted by the  Allison  Di- 
vision of General  Motors  under NASA contract NAS 3-7902. Mr. Richard J. 
Roelke of the NASA Lewis  Research  Center  Fluid  System Components  Divi- 
sion  was  the Project Manager.  The  report  was  originally  issued as Allison 
Division,  General  Motors EDR 4909, Volume VII. 
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EXPERIMENTAL INVESTIGATION OF ADVANCED CONCEPTS 
TO  INCREASE  TURBINE  BLADE LOADING 
VOLUME VU. PERFORMANCE EVALUATION 
OF MODIFIED JET-FLAP ROTOR BLADE 
by H. G. Lueders 
Allison  Division,  General  Motors 
SUMMARY 
The  performance of a  single-stage  turbine with a modified  jet-flap  rotor  blade  was  investigated 
over  a  range of secondary  airflows  and  expansion  ratios  while  operating  at  design  equivalent 
speed.  The  blade  was  modified by removing  metal  from  the  leading edge  portion  to  reduce 
the  axial  chord  at  all  radii by 0.276 inch.  The  nose of the  blade was recontoured  to blend 
into  the  suction  and  pressure  surfaces.  Because  the  leading  edge  portion of the  original 
blade had very  little  turning,  the  additional  loading  to  the  modified  blade  was  anticipated  to 
be  small.  The  results of the  investigation are  compared with the  performance of the  original 
jet-flap blade. Both rotors  were  tested with the same  stator. 
The  base  total  efficiency of the  modified  blade  at  design  equivalent  speed  and  expansion  ratio 
was SO. 5% compared with 91.4% for  the  original  blade when both turbines  were  operating with 
5'70 secondary flow rate. Both the  original  and  modified  jet-flap  turbines  exhibited  the same 
primary and secondary flow characteristics. A s  secondary flow was increased,  there was a 
corresponding  reduction  in  primary flow. The  rotor hub  reaction was negative  at  zero  secon- 
dary flow, impulse  at 3 . 8 %  flow rate, and became  increasingly  positive  as  secondary flow 
rate  increased.  Rotor  exit  surveys  were  taken  at  design  equivalent  speed and expansion  ratio 
for  the  four  secondary flow rates  investigated.  Increasing  the flow rate  from  zero  to 3% pro- 
duced  a  significant  improvement  in  the  lower half of the  blade  passage.  Further  increases 
in  secondary flow to   as   mich   as  8.4% produced  only  small  changes  in  the  survey  characteristics. 
INTRODUCTION 
The  analysis and  design of several  concepts  to  increase  turbine  blade  loading  in a single-stage 
turbine  are  described  in  reference 1. The  performance of one of the concepts, the jet-flap 
airfoil, is presented  in  reference 2. This  concept  may  provide  a  means  to  increase  the  blade 
loading  above  that of a  plain  rotor  blade  while  preventing flow separation.  The  test  results 
of reference 2 were  encouraging  but  many  questions  about  the  basic  behavior of the  jet-flap 
remained.  To  answer  some of these  questions,  a  second  investigation of the jet-'flap was 
made. This  report  presents  the  results of that investigation. 
1 
An examination of the  ofiginal  blade  design  indicated  that  the  leadingedge  portion of the  blade 
had only a small  amount of turning  and was therefore  lightly loaded. This  portion of the air -  
foil  was  removed,  reducing  the  blade  solidity  and  slightly  changing  the  surface  velocities 
around the airfoil. This change also resulted in a slight increase in blade incidence. The 
blunted  leading  edge of the  modified  airfoil is more  typical of a  cooled  blade if  the  jet-flap 
feature  and  airfoil  cooling  are  combined. 
The  modified  blade  was  tested  at  four  different  secondary flow settings  over  a  range of ex- 
pansion  ratios  from  1.8  to 2 . 3 .  all  at  design  equivalent  speed.  This was done to gain a better 
insight  into  the  basic  operation of the  jet-flap  airfoil  than would have  been  possible  from  an 
overall  performance  map  at only one secondary flow setting. For a given secondary flow 
rate,  the  ratio of secondary  inlet  total  pressure  to  turbine  inlet  total  pressure was  held  con- 
stant  over  the  range of expansion  ratios  investigated. For all  testing,  the  secondary  air 
total  temperature  never  exceeded  the  turbine  inlet  total  temperature  and  was  never  more 
than 15 degrees  cooler  than  the  inlet  temperature. 
Rotor  exit  surveys  were  conducted  at  design  equivalent  speed and expansion  ratio  at  each oi 
the  secondary flow rates  investigated.  Circumferential  traverses  with a combination  total 
pressure,  temperature, and yaw angle  probe  were  made  at  constant  radii  to  map  the flow 
characteristics  at  the  rotor  trailing edge. Measurements  were also taken of the  blade  mean- 
line  surface  static  pressures  at  design  equivalent  speed and  expansion  ratio for each of the 
four  secondary flow rates  investigated. 
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SYMBOLS 
E 
HP 
lin 
P 
UT 
T 
S O  
S I  
L 
9T 
9 t  
specific work output, Btu/lb 
horsepower output of turbine  based on torque and rotational  speed 
mass flow rate ,   lb /sec 
pressure, psia 
blade  tangential  velocity,  ft  /sec 
temperature, OR 
ratio of turbine  inlet air total  pressure  to  standard  sea  level  conditions 
ratio of secondary  air  inlet  (station I) total  pressure  to  standard  sea  level  conditions 
I - I  
adiabatic  efficiency  defined as the  ratio of turbine  specific work based on torque, 
primary weight flow, and speed  measurements  to  ideal work based on inlet  total 
temperature and inlet and outlet  total  pressure (both defined as the  sum of static 
pressure  plus  pressure  corresponding  to  gas  velocity) 
adiabatic  efficiency  defined as  the  ratio of turbine work  based on measured  inlet and 
exit  total  temperature  to  ideal work based on measured  inlet  total  temperature and 
pressure and measured  exit  total  pressure 
9 th  thermodynamic  efficiency  defined  in  text 
8 c r  squared ratio of critical velocity at turbine inlet temperature to critical velocity at 
standard  sea  level  temperature 
Subscripts 
0 station  at  stator  inlet (all stations  are shown in  Figure 2) 
3 station  at  free-stream  conditions  between  stator and rotor 
3 
5 
6 
I 
P 
S 
s t  
T 
t 
station  at  outlet of rotor  just  downstream of trailing  edge 
station  downstream  from  turbine 
secondary air inlet  station 
primary  airstream 
secondary  airstream 
static  condition 
stagnation or total  conditions 
tip  radius 
Superscripts 
I isentropic  conditions 
* standard  condition 
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BLADE MODIFICATION 
The  analysis  and  design of the  original  jet-flap  blade  are  described  in  reference 1. The  over- 
all  turbine  design point  equivalent  characteristics  are: 
0 Equivalent specific work output, E/@cr, Btu/lb . . . . . . . . 20.0 
0 Equivalent  weight flow, r b f i  c/ao, lb/sec . . . . . . . . 45.51 
0 Equivalent blade tip speed, urt/F, cr f t / s e c  . . . . . . . . . 610.0 
The  design  velocity  diagrams  are shown  in Figure 1; a schematic of the  turbine flow path il- 
lustrating  the  measuring  station  nomenclature is shown in  Figure 2. The  turbine  has 40 stator 
blades and 76 rotor  blades.  The  radial  clearance  between  the  blade  tips  and  the  turbine  casing 
is approximately 0.030 inch. The jet-flap slot width was 0.038 inch. 
The  jet-flap  airfoil  was  modified by removing 0.276 inch of metal  from  the  leading  edge  and 
recontouring the blade profile. New suction and pressure  surface  contours  were  machined 
by fairing  the  original  blade  surfaces  to  a  0.070-inch  leading  edge  radius.  Figure 3 shows 
the  original  jet-flap  rotor  profiles and  channels;  the  shaded  portion  represents  the  metal r e -  
moved. Figure 4 is a  photograph  comparing  the  blades  before  and  after  modification. 
The  modification  results  in  a 14.5% reduction  in  axial  solidity  at  all  radial  stations.  Table I 
summarizes  the  solidities  before and after  the  modification 
Table I. 
Comparison of solidity  for O r i g i n a l  and  modified  blades. 
I .  Axial  solidity 
Original Modified 
~ _ _ _ ~  
1.871  1.541  1.3 0 
APPARATUS, INSTRUMENTATION, AND CALCULATION PROCEDURE 
The  apparatus,  instrumentation,  and  method of calculating  performance  characteristics  are 
the  same  as  described  in  references 1 and 2. An additional  efficiency  calculation  called 
thermodynamic  efficiency, which charges  the  total  system  isentropic  energy  to  the  turbine 
performance, has been included. It is defined a s  
The  difference  between  this  efficiency  and  the  base  efficiency,  r)T, is that  the  term 
(E;-6 61,) is not  included  in  the  denominator of the  base  efficiency. 
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The  turbine  performance w a s  measured  over a range of total-to-total  expansion  ratios  from 
1.8  to 2.3 for  each of four  secondary-to-primary  pressure  ratios.  The  range of secondary 
flows  investigated  varied  from 0% to  approximately 8.4% of primary  mass flow rate.  All 
testing was conducted at  100%  design  equivalent  speed.  At  each of the  four  secondary-to-pri- 
mary  pressure  ratios and at  design  expansion  ratio,  rotor  exit  surveys  were  taken of total 
temperature,  total  pressure, and flow angle. Hot wire  survey  data  were not taken  during  the 
modified  jet-flap  investigation. 
EXPERIMENTAL RESULTS 
The  overall  performance and  local  efficiency  surveys  taken  at  the  rotor  exit  are  presented 
in this section. All testing was conducted at design equivalent speed. 
OVERALL PERFORMANCE RESULTS 
The  turbine  test w a s  conducted at  secondary-to-primary  pressure  ratios (PT~/PTO) of 0.6, 
1.0, 1 .2 ,  and zero secondary flow. The variation of primary equivalent flow (Ap& €)/so 
is shown in  Figure 5 as  a function of total-to-total  expansion  ratio (PTo/pT6) with lines of 
secondary-to-primary pressure ratio. Increasing secondary-to-primary pressure ratio 
causes a small  decrease  in  primary  equivalent flow. 
The  influence of secondary-to-primary  pressure  ratio and overall  expansion  ratio on secondary 
equivalent flow is shown  in  Figure 6. Increasing  the  ratio of secondary-to-primary  pressure 
ratio  causes a corresponding  increase  in  secondary flow. 
The  variation of hub and tip  static  pressure  through  the  turbine with secondary-to-primary 
pressure  ratio and turbine  expansion  ratio is shown in  Figure 7. With zero  secondary flow, and 
at  design  expansion  ratio  (Figure  7a),  the  turbine  was  operating with negative hub reaction. 
The  rotor hub inlet  static  to  turbine  inlet  total  pressure w a s  0.37 and the  rotor hub exit  static 
pressure  ratio was  0.4. These correspond to design values of 0.362 and 0.41, respectively. 
Increasing  the  secondary flow rate   to  3 %  (PTI/PTO = 0.6) decreased  the  degree of negative 
hub reaction  at  design  expansion  ratio as shown in  Figure 7b. The  stator  exit hub static  pres- 
sure  ratio  increased  to 0.387 and the  rotor  exit  static  pressure  ratio  decreased  to 0.396. At 
design  expansion  ratio  and a secondary-to-primary  pressure  ratio of 1.0, the  rotor hub inlet 
and exit  static  pressure  ratios  were 0.424 and 0.385, respectively, as shown in  Figure 7c. 
The  effect of increasing  the  secondary-to-primary  pressure  ratio  to 1.2 is shown in  Figure 7d. 
At the design expansion ratio, the reaction continues to become more positive. The rotor hub 
inlet  static  pressure  has  increased  to 0.447 and the  rotor hub exit  static  pressure  has  dropped 
to 0.376. 
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The  influence of secondary flow rate  on the  static  pressure  variation  through  the  turbine is 
also shown in  Figure 8. The  data  correspond  to  operation  at  design  equivalent  speed and a 
total-to-total  expansion  ratio of 2.1. Increasing  the  secondary flow rate reduces  the  stator 
hub and  tip  expansion  ratio.  This  characteristic  agrees with the  reduction  in  primary  equiva- 
lent flow with increasing  secondary flow rate.  The  rotor hub reaction  also  varies with secon- 
dary flow rate,  as shown in Figure 8. The  reaction is negative  at  zero  s,econdary flow, im- 
pulse  at 3.8 percent  secondary flow, and  positive  at all larger  value of secondary flow rate. 
The  influence of secondary flow ra te  on turbine  efficiency is shown in  Figure 9. These  data 
correspond  to  operation  at  design  equivalent  speed and expansion  ratio.  For  either  definition 
of efficiency,  the  turbine  performance  increases with secondary weight  flow up to  about 3.5%. 
This  indicates a substantial  improvement  in flow conditions in the blade channel. Additional 
improvement  occurs  in  base  efficiency  (qT) as secondary flow is increased;  however,  the 
thermodynamic  efficiency  (qth)  begins  to  decrease. At design  total-to-total  expansion  ratio, 
the  peak  thermodynamic  efficiency is 88.2% at 3.570 secondary flow rate'  whereas  the peak base 
efficiency  measured w a s  91.770 at  the  maximum  secondary flow rate  investigated of 8.4%. 
A composite  plot of the  data  taken  at  design  equivalent  speed,  illustrating  the  effect of secon- 
dary-to-primary  total  pressure  ratio and  total-to-total  expansion  ratio, is shown for  base 
efficiency (VT) in  Figure 10 and for thermodynamic efficiency in Figure 11. The  figures  pre- 
sent  the  turbine  equivalent work (E /ec r )  as a function of the  product of equivalent flow and 
secondary-to-primary  pressure  ratio  for  lines of constant  total-to-total  expansion  ratio and 
secondary-to-primary  pressure  ratio.  Contours of total  efficiency  are shown in  Figure 10 
and of thermodynamic  efficiency  in  Figure 11. Figure 10 indicates  that fo r  a given expansion 
ratio, the total  efficiency  continues  to  increase as secondary-to-primary  pressure  ratio is 
increased. Lf the  total  system  energy is charged to the turbine, the thermodynamic efficiency 
map  shown  in  Figure 11 indicates  an  optimum  secondary-to-primary  pressure  ratio of approx- 
imately 0.6 at  all  expansion  ratios  investigated. 
Blade surface  static  pressure  measurements  were  taken  at  the  rotor  blade  mean  line while 
operating  at  design  speed and expansion  ratios for the  four  secondary-to-primary  pressure 
ratios investigated. These data, shown in Figure 12, indicate  an  increase  in both suction and 
pressure  surface  static  pressure as secondary-to-primary pressure ratio is increased. This 
characteristic  can  be  attributed  to  the  reduction  in  primary flow through  the  rotor  passage  as 
secondary flow rate  is increased. 
TURBINE ROTOR EXIT SURVEY 
Circumferential  traverses of a combination  total  pressure,  temperature, and yaw angle  probe 
were  made  at  seven  radii  to  map  the flow characteristics  at  the  rotor  trailing edge. These 
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gwveys  were  conducted at design  equivalent  speed  and  expansion  ratio  for  each of the  four 
secondary  flow  rates  investigated.  Each  circumferential  survey  yielded  the  variation of ab- 
solute  f low  angle,   temperature  ratio  (TT~-TT~)/TTo and  total  pressure  ratio,  PTO/PT5. 
From  these  surveys,  contour  maps of turbine  efficiency  were  constructed,  based on locally 
measured  total-to-total  expansion  ratio and temperature  ratio.  The  contour  maps are shown 
in  Figure 13. At zero  secondary flow, the  turbine  exhibited  a  peak  efficiency  island of 93% 
near the midspan. However, the lower portion of the  annulus  shows  efficiencies  less  than 
65% and no evidence of the  stator  wakes.  Increasing  the  secondary flow rate  to 37' significantly 
improved  the  lower  portion of the  annulus  and  the  stator  wakes  have  become  more  evident. A 
redistribution of the  efficiency  islands  occurred  in  the  outer  portion of the  annulus but the  peak 
level of 93% is unchanged. Further  increases  in  the  secondary flow rate  to  6.5  ,and 8.4% did 
not produce  significant  change  in  the  hub and tip  region,  and  the  midspan  portion of the 
annulus  shows  a  decrease  in  efficiency. 
A plot of the  average  circumferential  efficiency  at  station  5  was  constructed  as  a  function of 
radius by graphical  integration of the  traces of efficiency  at  constant  radii  for  each  secondary 
flow rate investigated. These radial efficiency variations are shown in Figure 14. The zero 
secondary flow case  exhibits  extremely  poor  efficiency  in  the  hub  region but a  midspan effi- 
ciency a s  high as  the 3% secondary flow case.  The low hub  efficiency  at  zero  secondary flow 
is probably  the  result of flow separation.  Separation  in  this  region would reduce  the  local  ef- 
fective flow area and  probably  force  a flow shift  radially  outward,  producing  a  more  favorable 
pressure  gradient  at  the  midspan  portion of the  blade  resulting  in  the  high  midspan  efficiency. 
A s  secondary  flow  rate is increased  to 6.6  and 8.470, the  midspan  shows  a  decrease  in  effi- 
ciency.  This is probably  the  result of the  influence of the  hotter  jet  stream on the  measured 
stage  temperature  ratio  and  also  loss  in  primary  stream  efficiency  as  the  jet flow is increased. 
A graphical  integration of the  local  efficiency with radius  produces  average  efficiencies of 
84.0, 88.5, 87.7, and 86.370 for flow ra t e s  of zero, 3, 6.6, and 8.470, respectively. These 
compare with base total efficiencies of 85.2. 89.3,  91.1, and 91.7~o. This difference is 
probably  caused by the  influence of the hot jet on measured  temperature  ratio and the  inherent 
difference  between  efficiency  based on measured  torque and measured  temperature  ratio  as 
seen  at  zero  secondary flow. 
COMPARISON OF MODIFIED AND ORIGINAL BLADE TEST RESULTS 
A comparison of the  base  efficiency of the  original  and  modified  jet-flap  turbines  at  design 
equivalent  speed  and  expansion  ratio is shown  in  Figure  15  as  a  function of secondary flow 
rate.  The  original  blade had slightly higher efficiency over most of the range of secondary 
flow rates  investigated.  The  original  jet-flap  configuration  was  about one point higher in 
efficiency  over  most of the  range of secondary flow rates  for which  both turbines  were  tested. 
A similar  comparison  based on thermodynamic efficiency is shown in Figure 16. Again, the 
original  turbine  configuration  was  about  one  point  higher  than  the  modified  jet-flap  configuration. 
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Both turbines  reached  their  peak  efficiencies  at  approximately 3.5% secondary flow rate.  The 
original  blade peak  efficiency  was  89.1%  and  the  peak  efficiency of the  modified  blade was  
88.2%. 
A comparison of the  primary and secondary  equivalent  flows of the two jet-flap  configurations 
(Figure 17) shows  that  the  blade  modification  had no influence on either  the  primary  or  sec- 
ondary  flow  capacity of the  modified  blade  turbine. 
SUMMARY OF RESULTS 
The  overall  performance of a single-stage  turbine with a modified  jet-flap rotor  blade was  in- 
vestigated  over a range of secondary flow rates  and expansion  ratios. A l l  testing was  con- 
ducted at  design  equivalent  speed.  Reexamination of the  original  blade  design  suggested  that 
the  leading  edge of the  blade  could  be  cut  back without significantly  increasing  the  loading  and 
at  the  same  time  slightly  reducing  the  solidity.  The  blade  modification  consisted of removing 
0.276 inch of metal  from  the  leading  edge  at  all  radii.  The  nose of the  blade  was  recontoured 
to blend  into  the  suction and pressure  surfaces.  The  performance of the  modified  jet-flap 
blade is compared with the  performance of the  original blade. Both turbines  were  tested with 
the  same  stator. 
0 At design  expansion  ratio and speed,  the  modified  jet-flap  blade w a s  generally  about one 
point lower in efficiency  than  the  original  jet-flap  blade  over  the  range of secondary flow 
rates   a t  which  both turbines  were  tested. 
0 The modified  blade  turbine  exhibited  base  total  efficiencies  at  design  speed  and  expansion 
ratio which varied  from 85.2% at  zero  secondary flow to 91.7% at the  highest  secondary 
flow rate  investigated.  These  efficiencies  are  based on the ideal power of the  primary 
s t ream only. 
0 At design  speed  and  expansion  ratio,  the  modified  blade  reached  a peak thermodynamic 
efficiency of 88.2'70 at  approximately 3 . 5 %  secondary flow rate.  This  compares with a 
peak  efficiency of 89.1%  for  the  original  blade  at  about  the  same  secondary flow rate. 
These  efficiencies  are  based on the  ideal power of both  the  primary and secondary  streams. 
0 The  primary and secondary  equivalent flow characteristics of the  modified and original 
jet-flap  blade  turbines  were  essentially  the  same. 
0 At a fixed  turbine  expansion  ratio and speed,  the  primary  equivalent flow decreased  slightly 
as secondary flow rate  w a s  increased. 
0 At a fixed  turbine  expansion  ratio,  the  reaction  across  the  stator and rotor changed sig- 
nificantly as the  secondary flow rate  was  changed. An increase  in  the  secondary flow 
caused a decrease  in  the  stator  pressure  ratio and an  increase  in  the  rotor  pressure  ratio. 
0 Comparison of the  rotor  exit  surveys showed  significant  improvement  in  the  lower half 
of the  rotor  annulus as secondary flow rate  was  increased  from  zero  to  about 3y0; there- 
after, only small  changes  in flow characteristics  were  realized with increased  secondary 
flow rate. 
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Figure 5. Variation of primary  equivalent weight  flow  with expansion  ratio  and  secondary-to- 
primary  pressure  ratio at design  equivalent  speed for modified  jet-flap rotor blade turbine. 
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Figure 6. Variation of secondary  equivalent  weight flow with expansion  ratio  and  secondary- 
to-primary  pressure  ratio  at  design  equivalent  speed  for modified  jet-flap  rotor  blade  turbine. 
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Figure 7. Variation of station hub and tip  static  pressure with turbine expansion ratio at 
design equivalent speed for various secondary flow rates. 
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Figure 8. Variation of station hub and  tip  static  pressure  with  secondary flow rate at design 
equivalent  speed  and  expansion  ratio. 
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Figure 9. Variation of turbine  efficiency with secondary weight flow for modified jet-flap 
turbine at design  equivalent  speed  and  expansion  ratio. 
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Figure 10. Overall  performance  variation of modified  jet-flap  rotor blade turbine  at  design 
equivalent  speed  with  secondary-to-primary  pressure  ratio  and  turbine  expansion  ratio. 
Performance is based on base  total  efficiency. 
Figure 11. Overall  performance  variation of modified  jet-flap rotor  blade  turbine at design 
equivalent  speed with secondary-to-primary  pressure  ratio  and  turbine  expansion  ratio. 
Performance is based on thermodynamic  efficiency. 
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Figure 12. Variation of measured  blade  surface  static  pressure with secondary-to-primary 
pressure  ratio  at  design  equivalent  speed  and  expansion  ratio. 
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Figure 13. Turbine  stage  total  efficiency  contours  for  modified  jet-flap  turbine  at  four 
different  secondary flow rates. 
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Figure 14. Comparison of radial distribution of efficiency  at  station 5 for  various secondary 
pressure  ratios  at  design equivalent speed and expansion ratio. 
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Figure 15. Comparison of base total efficiency with secondary weight flow for original and 
modified jet-flow turbines at design equivalent speed and expansion ratio. 
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Figure 16. Comparison of thermodynamic  efficiency  with  secondary  weight flow for  original 
and  modified  jet-flap  turbines at design  equivalent  speed  and  expansion  ratio. 
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Figure 17. Comparison of modified  and  original  jet-flap  turbines  primary  and  secondary 
equivalent  flow characteristics with  secondary  flow rate at design  equivalent  speed  and 
expansion  ratio. 
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